Abstract: Quantum-dot (QD) metal-cavity surface-emitting microlasers are designed, fabricated, and characterized for various sizes of cavity volume for both lateral and vertical confinements. Microlasers using submonolayer QDs in the active region are fabricated according to our design model optimized for a resonant metal cavity. The cavity-volume scaling law is studied by our theoretical modeling and experimental demonstration. The smallest laser has a diameter of 1 m with silver metal cladding operating at room temperature with electrical injection in pulsed mode. Our experimental results show significant self-heating effect in the smaller devices with a diameter of a few micrometers due to high series resistance and high threshold gain. With the use of hybrid metal-DBR mirrors, the number of DBR pairs in the top hybrid mirror can be reduced from 19.5 to 5.5 without sacrificing threshold current density.
Introduction
Subwavelength nanoscale lasers have been under intensive research for potential applications in future generation intrachip optical interconnect [1] . Significant size reduction has been made since the inventions of the first laser by Maiman [2] and semiconductor lasers [3] - [6] . The miniaturization of photonic devices is driven by the high density and large scale electronic integrated circuits toward ultrahigh density photonic integration. To meet the enormous data transmission demand in the optical domain, photonic devices play an important role for bridging the gap for future high speed optical network applications. The realizations of the vertical-cavity surface-emitting lasers (VCSELs) [7] , microdisk lasers [8] , and the photonic crystal nanolasers [9] paved the way toward an ultrasmall cavity volume although the physical sizes are still a few wavelengths in three dimensions. Recently, metal-cavity nanolasers breaking the diffraction limit in two dimensions have been realized with electrical injection at 10 K [10] . To achieve room-temperature operation, successful ideas have been proposed; for example, structures with either cutoff plug-in sections to reduce the metal loss [11] or a longer cavity length to overcome the radiation loss [12] , [13] . Recently, our work on metalcavity surface-emitting lasers (MCSELs) further realizes continuous-wave operation with a low loss HE 11 mode design [14] - [17] . Other structures were also proposed and demonstrated with promising results toward further size reduction [18] - [21] . Metal-cavity microlasers rely on active materials such as bulk semiconductors [11] - [13] , [18] - [21] and multiple quantum wells [14] - [17] to overcome the ohmic loss of metal at room temperature as well as the radiation loss. Although a large material gain is expected for these materials, the dry-etching damage and leakage current through the surface recombination deteriorates the device performance, especially when their sizes are small. Quantum dots (QDs) outperform bulk or quantum wells in several aspects: the carrier confinement in the lateral dimension, higher differential gain, low chirp, high temperature stability, and minimized surface recombination. Recently, advanced submonolayer (SML) growth improves dramatically the quality of QDs [22] - [24] . In this paper, we successfully applied SML QDs in the active region to make the first QD metal-cavity surface-emitting microlaser, which operates at room temperature. We show the concept of the design rules, optimization, and scaling law of MCSEL cavity volume along both lateral and vertical directions. We then demonstrate device fabrication and characterization of various sizes of MCSELs and comparison with our theoretical results.
Design Rules

Device Structure
The epiwafer structure was grown by molecular beam epitaxy (MBE) with an active medium consisting of three groups of SML QDs [22] - [24] spaced by a 13-nm-thick GaAs layer. Each group consists of ten layers of stacked SML QDs formed by depositing 0.5 monolayer (ML) InAs capped by 2.2 ML GaAs in each layer. The top (bottom) distributed-Bragg reflector mirror consists of 20-pairs (33-pairs) of p-doped (n-doped) alternating Al 0:9 Ga 0:1 As/GaAs quarter-wavelength layers. An optical cavity with the QD active region is sandwiched between the top and bottom DBRs. The detailed growth condition can be found in [22] - [24] . Fig. 1 shows the schematic device structure and the crosssectional view of a simulated electrical field for the fundamental HE 11 mode. The micropillar with the DBRs and the active SML QD region is surrounded by a thin SiN x layer and a metal shell for optical modal confinement. The top mirror consists of a hybrid mirror with DBRs and a thin silver for enhanced reflectivity as well as the top electrical injection. Here, we study the performance of the microlaser and its scaling with the cavity volume in both lateral direction (diameter of the post) and vertical direction (number of top DBR pairs). Light output is collected either from the top through the hybrid metal-DBR mirror or from the bottom DBR after substrate removal and flip-chip bonding.
Device Model Based on Transfer Matrix Method
For ultrasmall lasers, especially lasers with sizes comparable to the wavelengths, the detuning between the cavity resonance and the peak gain wavelengths should be carefully designed. Metalcavity surface-emitting lasers, due to the well-defined circular waveguide structure with a metallic sidewall, can be treated as a 1-D multilayered problem using the transfer matrix method. To properly include the metal plasmonic effect and modal dispersion, the effective index obtained from solving the Maxwell's equations should be used in the transfer matrix method. Fig. 1(b) shows the cross-sectional view of a metal-cavity microlaser. The refractive index profile nðÞ contains the information of radial ðÞ material distributions in cylindrical layers. The propagation constant k z of the vector mode of the Maxwell's equations for a cylindrical waveguide should be solved starting from the wave equation for the longitudinal E z and H z components:
and a similar equation holds for the H z component. The effective index n eff of the guided mode and the modal (intensity) absorption loss are obtained from the propagation constant of the mode: k z ¼ k 0 n eff þ i=2, where k 0 is the free space wavenumber. All other transverse electrical and magnetic field components are obtained from the Maxwell's equations and matching the boundary conditions at each interface. The transfer matrix method is used to design the thickness of the layered structure and to predict the resonance wavelength [25] . To include both the material and modal dispersions, the complex effective index solved from (1) has to be used in the transfer matrix method. The resonance condition occurs when the total round-trip phase condition is satisfied:
where DBR ðÞ and DBR-Ag ðÞ are the phase of reflection coefficient of the bottom DBR and top hybrid DBR/Ag mirror, respectively, n eff ;a is the real part of the averaged effective index in the active region, L is the cavity length, is the wavelength, k 0 ¼ 2= is the wavenumber in free space and m is an integer. One of the important design factors of the hybrid DBR-metal mirror is the interface between the top layer of DBR and metal. At the metal interface, the electrical field is defined by the boundary condition of the metal. Fig. 2 illustrates the standing-wave pattern in the DBR layers with different layers on top. Image theory is used by the ideal metal approximation. Fig. 2 (a) has a low refractive index layer (AlGaAs) on the top whereas Fig. 2 (b) has a high refractive index layer (GaAs) on the top. From the mirror theory at the ideal metal interface, =2n interface cavity is formed. When the top layer is low index as in Fig. 2(a) , the second =2n interfacial cavity mode is prohibited due to the peak at the metal interface. On the other hand, the top layer with high index as in Fig. 2(b) has the valid second cavity mode which is =2 phase shifted from the original cavity mode disturbing the designed active cavity mode.
We calculated the standing-wave pattern of our layer structures with a silver layer on top using the transfer matrix method. Fig. 2 (c) shows the result for both the 5.5 DBR pairs (low index on top) and (d) 6 DBR pairs (high index on top) with a silver cover. The insets show magnified standingwave around the DBR top interfaces illustrating the (c) alignment and (d) perturbation between the standing-wave and DBR layers. With a proper design of top layers in the 5.5 DBR pairs, the standing-wave pattern is not disturbed by the silver layer with nodes at low-to-high refractive index interfaces (shown as vertical lines in insets). On the other hand, with 6 DBR pairs, the standingwave pattern is shifted due to the second interfacial cavity mode and it is not matched with the DBR period anymore. The resonant wavelength is squeezed from 980.6 nm in 5.5 pairs to 971.4 nm in 6 pairs. Also, the threshold gain of 6 DBR pairs increases by an order of magnitude from that of the 5.5 DBR pairs due to misalignment of the standing-wave peak with the active QD layers as well as the reduced reflectivity due to the mismatch of the standing-wave pattern with DBR and energy leakage into the second interfacial cavity.
Threshold Analysis
In order to properly include the optical energy associated with dispersive medium with a negative permittivity such as metals, the energy confinement factor should be used [21] . The energy confinement factor is defined as
where r is the position vector, V a is the volume of the active region (three groups of QD stacks in this example) with the subscript a representing the active region, "ð!; rÞ is the relative permittivity, ! is the angular frequency, " g ð!; rÞ ¼ @Re½!"ðr; !Þ=@! is the relative Bgroup permittivity,[ EðrÞ represents the electric field distribution. The threshold material gain ðg th Þ per group (layer) of QD stacks should be related to though the following equation:
with v g representing the group velocity and Q as the overall quality factor.
Design Curves
Cavity Diameter Dependence
For a fixed DBR structure, a strong modal dispersion occurs when the device dimension approaches the wavelength scale. To avoid a large detuning between the peak gain and cavity resonance wavelengths, the stop band of the DBR should be designed to have a reasonable bandwidth. Fig. 3(a) shows the reflection spectra of the top 20.5 DBR pairs as a function of the device diameters. The calculation is based on the HE 11 mode. The reflection spectra experience a spectral shift toward the shorter wavelength due to the severe modal dispersion at smaller diameters of the metal waveguide. Typically, a detuning range of 20-30 nm should be included for red shift arising from current injection heating. The design of the laser around 1.0-m diameter could still fit the emission spectra of the QDs. From Fig. 3(b) , the longitudinal energy confinement factor decrease with device diameter. This is because small pillar device has increased propagation intrinsic loss and standing-wave penetrates less into DBR. On the other hand, the transverse optical confinement factor is almost unity in MCSEL by the sidewall metal confinement. However, as device diameter approaches a size comparable to wavelength, the transverse confinement factor decreases because more optical field penetrates into the SiNx cladding and silver shell. The threshold gain increases rapidly from 2-m to 1-m diameter devices due to the increased intrinsic loss of the propagation mode from the sidewall metal loss. The resonant wavelength shifts toward a shorter wavelength for the small diameter devices because the effective index decreases from more field penetration into the SiNx cladding and silver layer. Fig. 4(a) shows the reflection spectra of the HE 11 mode for the hybrid mirror of different numbers of DBR pairs for a 2-m diameter device. The addition of a thin metal (35 nm silver in this case) increases the reflectivity significantly, and, thus, reduces the required number of DBR pairs. Moreover, the application of a hybrid mirror improves the width of the stop band. For example, the stop band increases over 50% for a hybrid 5.5-pair DBR/metal mirror compared to that of the 20 DBR pairs. From Fig. 4(b) , decreasing the number of DBR pairs will also improve the energy confinement factor inside the cavity due to the truncation of the optical field by the highly reflective metal. However, the quality factor drops rapidly by decreasing the number of DBR pairs due to increased radiation loss from the top. It becomes 3839 for 5.5-pairs of DBR with silver. As shown in Fig. 4(c) , the threshold material gain increases dramatically when the number of DBR pairs is reduced from 10.5 pairs to 5.5 pairs because of the increasing metal loss from the top and radiation loss from fewer DBR pairs. As a result of removing a few pairs of DBR (corresponding to 2m round trip-phase), the resonance wavelength has a minimal change.
Dependence of the Number of DBR Pairs in a Hybrid Mirror
Experiments
Device Fabrication
Before starting our device processing, a few selective numbers of top DBR pairs were etched away by ICP-RIE. Etching duration was monitored from in situ laser reflectometer to reach the desired number of remaining DBR pairs. We prepared four samples with final number of the top DBR pairs of 19.5, 15.5, 10.5, and 5.5, respectively. For each sample, the micropillars of various sizes ranging from 1.0 m to 10 m were defined by photolithography. Silicon nitride deposited by PECVD is used to form the hard dry-etching mask. The circular cavity was then defined by ICP-RIE with chlorine based reaction gas. To reduce the scattering loss and minimize the mode mismatch, a fine tuning of reaction mixture was studied to reduce the surface roughness and make the vertical profile. Fig. 5 shows the scanning electron micrographs (SEM) of various sizes of cavities along both lateral and vertical reductions. We prepared samples with diameter from 10 m down to 1 m in the micropillar diameter and 19.5 DBR pairs down to 5.5 DBR pairs for top hybrid mirrors. The etching depth of 4 DBR pairs below the active region provides a better carrier and optical confinement. A conformal silicon nitride coating of 200 nm is applied to the sidewall to avoid short circuit. The silicon nitride on top was removed for contact formation by Freon based dry etching. After the top DBR is exposed, a selective wet etching is used to precisely control the interface layer of DBR with the top silver contact. This wet etching also removes the top surface of the device, which is damaged from excessive Freon dry etching. Silver by e-beam evaporation is used to cover the whole structure. Silver film is treated by rapid thermal annealing in vacuum at 300 C to improve adhesion as well as electrical connection. The top silver was made thin ($35 nm) to allow a reasonable light output. We observed that slow silver deposition rate about a few angstroms per second can result in a smoother silver surface. For the future improvements, CVD silver deposition will enhance the silver film reflectivity reducing the scattering loss. 
Characteristics of the Devices
A pulsed current source with 10 A precision was used to drive the devices. The output light was collected by a silicon detector at room temperature. We characterized all devices with various cavity diameters and numbers of top DBR pairs. Fig. 6 shows the light output versus current (L-I) curves of QD MCSEL at room temperature with different duty cycles. For the 10-m diameter devices, the light output power is about two orders of magnitude larger than that of the 3-m diameter devices exceeding over 100 W before saturation. The threshold current of the 10-m diameter devices is almost constant independent of the duty cycle. On the other hand, the threshold current of the 3-m diameter devices increases and the slope efficiency drops when the duty cycle exceeds 20%. A similar trend is observed in devices of different sizes of diameters. This is due to the self-heating of the device and it becomes significant for smaller devices. Compared with similar diameters of oxide VCSELs [26] , the output power and differential efficiency are still smaller due to low output extraction through thin silver-DBR hybrid mirrors. The threshold current is also still higher than that of oxide VCSELs due to additional intrinsic loss from metal cladding and heat accumulation in the micropost. For many future applications these values might be less important than the footprint. In addition large progress is expected in the near future based on ongoing research programs at many places. The scaling law of self-heating is analyzed in the later section. Among all devices we tested, the smallest laser has a diameter of 1 m operating with short pulses of 0.1% duty cycle with the output power of the order of a few nW. Fig. 7(a) is lasing spectrum of the device with bias voltage dependence. Continuous single mode lasing has been observed throughout the bias level. The lasing mode shifts toward long wavelength due to thermal heating of the cavity. To examine the single mode lasing behavior, the lasing spectrum is compared between different diameters of devices as shown in Fig. 7(b) and (c) . For the 10-m device, the lasing spectrum is single mode dominant up until 6.0 mA and the second order mode starts to appear at the shorter wavelength. On the other hand, the 5-m diameter device demonstrates single mode lasing with full-width at half-maximum (FWHM) linewidth less than 0.09 nm, which is close to the resolution limit of our monochromator. No measurable second mode is observed even at the output saturation injection level. For metal cavity micropost, the metal sidewall coating induces the mode dependent propagation loss. The fundamental HE 11 mode has the lowest loss from metal due to centralized optical field. The higher order mode suffers from higher propagation loss and thus lasing is suppressed. Another interesting observation is the lasing wavelength for the different diameters of devices. In Fig. 7 , the lasing wavelength of the 10-m device around threshold is 982 nm, whereas the 5-m device starts to lase at about 979 nm. This result is consistent with our theoretical model. As the diameter of the device becomes smaller, the effective index decreases due to higher field penetration into the SiN x and silver layers. As a result resonant wavelength shifts to the shorter direction.
The self-heating of smaller diameter lasers are mainly attributed to two factors; i) the high series resistance due to the small diameter, and ii) the high current density due to a high threshold gain in a small pillar cavity. We characterized both factors experimentally. Fig. 8(a) shows voltage versus current (I-V ) curves of QD MCSEL devices for different diameters. For the 10-m diameter devices, the I-V curve shows a typical diode behavior with decreased resistance after turn-on voltage. As the diameter of the devices becomes smaller, the I-V curve becomes more like a resistor. The significant part of high resistance is from the series resistance through the small diameter post of DBR cavity. The simplest model of series resistance of homogeneous material is expressed in the inset of Fig. 8(b) where is resistivity, L is length, and A is cross-sectional area. Even though this simple model is for linear homogeneous material, the approximation works well with the small DBR p-i-n junction pillar in our devices due to series-resistance dominant electrical characteristics. The resistance increases approximately proportional to the inverse of the square of the diameter and is proportional to the length of the pillar. Fig. 8(b) shows the series resistance extracted from the experimental data in Fig. 8(a) . The dashed curve shows the series resistance modeled with the length L and diameter D measured from SEM. From the fitting, the effective resistivity of DBR is extracted to 7:48 Â 10 À2 cm, which is a reasonable resistivity value compared to the doping level in our design. Fig. 9(a) shows the threshold current density as a function of device cavity diameters for different numbers of DBR pairs on the top hybrid mirror. In order to obtain reliable data, we measured over 37 lasers with multiple devices for each cavity size located at different positions on the chip. Even though there are small differences from one device to another in the threshold current densities, most devices with the same cavity size fall in the same proximity of values. The line in the figure connects the average value of threshold current density for each cavity size. The threshold current density increases almost exponentially with reducing the diameter of the cavity. For our smallest 1-m diameter device with 19.5 DBR pairs, the threshold current density is 445 kA/cm 2 with 0.1% pulse injection (not shown in figure) . This is presently still slightly higher than oxide VCSELs [27] due to intrinsic loss from metal cladding and smaller QD material gain compared with QW. The dramatic increase of threshold current density is more than calculated result from the transfer matrix method in Fig. 3(c) . As we have discussed earlier, the dominant cause of threshold current density increase is due to the self-heating of the small diameter devices, which is not included in the transfer matrix method calculation. For reduced numbers of DBR pairs, the threshold current decreased in different degrees for each diameter device. In the 10-m diameter devices, the threshold current densities vary only a little from 19.5 pairs to 10.5 pairs. For smaller diameter devices, it increases more dramatically by reducing the number of DBR pairs. From our transfer matrix method results in Fig. 4(c) , the threshold gain increases rapidly from 10.5 pairs to 5.5 pairs. Even though a few devices of 5.5 DBR pairs are lasing at room temperature as shown in Fig. 9(b) , device yield is smaller than those of larger number DBR pairs. This is probably due to the deviation between the ideal device structure in the model and actual device structure after processing. As pointed out in the earlier section, the precise top interface is very important for standing-wave phase design when the number of DBR pairs is small and metal is placed on the top. In reality, Al 0:9 Ga 0:3 As/GaAs interface is linearly graded and selective chemical etching cannot stop at the exact thickness. This is also the reason why the lasing wavelength deviates from the calculation result.
Further Size Reduction
In this paper, we have demonstrated QD MCSELs with a relatively thin silver coverage of the microcavity. This takes into consideration of the collection of light output from the top surface through the thin silver layer. We have also fabricated QD MCSELs with a thick 200-nm silver coverage of both the sidewall and the top of the devices. The devices are flip-chip bonded to a silicon wafer and the substrate is removed. The light output is collected from the bottom DBR. We expect many advantages from these devices. First, a thick silver coverage on the pillar improves the sheet resistance of the silver resulting in less ohmic heating. A thick silver layer also improves the optical reflectivity from the top hybrid mirror and heat dissipation from the active layer. These are important factors toward making smaller diameter devices because self-heating becomes significant in small diameter devices as demonstrated in our experiment results.
Flip-chip bonded QD MCSELs with substrate removal are operational at room temperature for device sizes of 2 and 10 -m in diameter. We will further study these devices with the removal of the bottom DBR pairs and coverage of a thin metal for the hybrid mirror design. Metal-cavity nanolasers with bulk cladding mostly worked at low temperatures because of the high metallic loss at room temperature [10] - [13] , [18] - [20] . Our proposed metal cavity with hybrid mirrors is more promising for achieving nanolaser action at room temperature with a better optical confinement in the vertical direction, which reduces the metal loss from the top and bottom as well as radiation loss. Fig. 10 shows our proposed strategy for size reduction. As shown in Fig. 10(a) , we have successfully demonstrated metal-cavity microlasers with DBR as top and bottom mirrors, metals are used to further reduce the vertical size. In this paper, and Fig. 10(b) , we demonstrated progress in size reduction through hybrid mirrors with a fewer DBR pairs. We have also investigated the possibility of using only metals [as shown in Fig. 10(c) ] as mirrors to minimize the size toward a nanocoin laser [28] . Experimental demonstration of nano-LEDs with identical structures has been reported with promising results toward nanolasers [29] .
Conclusion
We have designed, fabricated, and characterized MCSEL with SML QDs in the active region. Different sizes of metal-DBR cavity are fabricated with variations in both in the lateral and vertical dimensions following our theoretical design rules to optimize toward a small threshold gain. Unlike the conventional air interface VCSELs, the metal-semiconductor interface design is important especially for devices with a reduced number of DBR pairs toward the goal of nanolasers. From our theoretical model using the transfer matrix method, we estimated lasers using hybrid DBR-metal mirrors with 5.5 and 10.5 DBR pairs operating CW at room temperature are achievable with 2-m diameter devices. Among the various sizes of metal-cavity volume, a few of the smallest devices are 1 m in diameter with 19.5 top DBR pairs lasing in 0.1% pulsed mode, 4-m in diameter with 10.5 DBR pairs in the top hybrid mirror lasing in 10% pulsed mode, and 10-m in a diameter with 5.5 DBR pairs in the top hybrid mirror lasing in CW injection all operational at room temperature. From analysis of various sizes of diameter devices, it is found that self-heating is significant in smaller diameter devices both due to the higher series resistance and higher threshold gain. Compared with single crystal oxide VCSELs, etched micropost limits the heat relaxation through phonons in the lateral direction and might accumulate more heat in the active region, depending on the heat generated per cube K m. Self-heating causes the decrease of optical gain as well as the shift of the resonant wavelength. To relieve these problems, we are improving the devices with a thicker silver coating for superior thermal conductance to dissipate the heat. The emission spectrum shows a clear single mode lasing with FWHM of only 0.09-nm. Our experimental results demonstrate promising applications of MCSELs for micro/nanocavity surface-emitting ultrahigh density arrays without optical crosstalk in closely integrated photonic devices due to well-defined metal shielding with excellent beam quality. [28] . The structures are all shielded by metal (Ag) with a thin silicon nitride (SiNx) optical and electrical buffer layer. The active materials are sandwiched in between pÀn (or nÀp) carrier injection layers with an emission window defined on top. Substrate removal and flip-chip bonding on a silicon substrate further reduce the physical size and improving thermal conductivity.
